Dengue virus (DENV) is the most prevalent human vector-borne viral disease. The force of infection (FoI), the rate at which susceptible individuals are infected in a population, is an important metric for infectious disease modeling. Understanding how and why the FoI of DENV changes over time is critical for developing immunization and vector control policies. We used age-stratified seroprevalence data from 12 years of the Pediatric Dengue Cohort Study in Nicaragua to estimate the annual FoI of DENV from 1994 to 2015. Seroprevalence data revealed a change in the rate at which children acquire DENV-specific immunity: in 2004, 50% of children age >4 years were seropositive, but by 2015, 50% seropositivity was reached only by age 11 years. We estimated a spike in the FoI in 1997-1998 and 1998-1999 and a gradual decline thereafter, and children age <4 years experienced a lower FoI. Two hypotheses to explain the change in the FoI were tested: (i) a transition from introduction of specific DENV serotypes to their endemic transmission and (ii) a population demographic transition due to declining birth rates and increasing life expectancy. We used mathematical models to simulate these hypotheses. We show that the initial high FoI can be explained by the introduction of DENV-3 in 1994DENV-3 in -1998, and that the overall gradual decline in the FoI can be attributed to demographic shifts. Changes in immunity and demographics strongly impacted DENV transmission in Nicaragua. Populationlevel measures of transmission intensity are dynamic and thus challenging to use to guide vaccine implementation locally and globally.
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dengue virus | force of infection | cohort study | transmission intensity | Nicaragua T he dengue virus serotypes 1-4 (DENV-1-4) are antigenically related flaviviruses that cause the most prevalent mosquitoborne viral disease globally, resulting in up to 96 million dengue cases each year (1) . DENV infection induces long-lived immunity against the infecting serotype, as well as immunity to heterologous DENV serotypes that may either provide protection or increase the severity of disease during secondary DENV infection, depending on preexisting antibody level and quality (2) (3) (4) (5) (6) . This "double-edged sword" feature of dengue disease has been a major challenge to dengue vaccine development.
The currently licensed dengue vaccine, Dengvaxia, is protective in individuals with a history of previous DENV infection ("seropositives") but can increase risk of severe dengue disease in DENV-naïve individuals ("seronegatives") (7, 8) . In 2016, Dengvaxia was recommended only for areas in which >70% of children age ≥9 years were seropositive for DENV. These recommendations were based on modeling studies using Phase 3 efficacy data showing that in populations with low DENV transmission intensity, which is often measured by the rate of DENV seroconversion in children, vaccination would cause more cases of severe dengue in seronegative individuals than would be averted in seropositive individuals (9-11). Newly released data have shown that Dengvaxia significantly increases the risk of severe dengue in seronegative individuals regardless of age (12) . The World Health Organization (WHO) now recommends Dengvaxia only for DENV-seropositive individuals, requiring screening by individuallevel serological testing of all potential vaccine recipients (12) .
The force of infection (FoI), the rate at which susceptible individuals become infected in a population, is a measure of transmission intensity important for evaluating the impact of vaccination programs and other interventions (13) . Initially, for Dengvaxia, knowledge about both the FoI and age-specific DENV seroprevalence was needed to ensure that more individuals benefited than were harmed by vaccination; this information is needed under the current recommendation to select target populations for serologic screening. However, the FoI of DENV exhibits extensive global and local heterogeneity within countries, and even within cities, making vaccination strategies based on transmission intensity problematic Significance A recently licensed dengue vaccine requires pre-vaccination screening for dengue virus (DENV)-specific antibodies and was initially recommended for use only in areas with high DENV transmission. However, DENV transmission intensity is not static. We show that the age at which children acquired DENVspecific immunity more than doubled during the observational period (2004-2015) of a pediatric cohort study in Managua, Nicaragua. A high force of infection of DENV in the 1990s could be explained by the introduction of a novel DENV serotype, while a gradual decline in force of infection could be explained by a long-term population demographic transition. Such dynamics make DENV transmission intensity a problematic metric for designing, implementing, and evaluating interventions and for selecting target age groups/sites. (12, 14, 15) . In addition, the FoI can vary within a given place over time and by age group. To differentiate age-specific from annual differences in FoI, longitudinal age-stratified incidence data or longitudinal serologic surveys are needed. However, most studies are limited to estimating the FoI from single serosurveys, which requires assuming that transmission is either age-independent or constant over time (13) . Estimation of an average FoI may mask important dynamics that could affect the relative risk and benefit of dengue vaccination in a given population.
Several studies have used longitudinal data to estimate annual and age-specific transmission intensity, revealing important changes in DENV transmission over time (16) (17) (18) (19) (20) . Analysis of longitudinal serologic data demonstrated that the introduction of DENV-3 and later DENV-4 into Iquitos, Peru, resulted in larger epidemics than had been observed for endemic serotypes (20) . An observed shift in the age of DENV infection from older to younger ages in Brazil was attributed to the sequential reemergence of DENV serotypes after many years of absence; as older individuals were already immune, only younger individuals not exposed to previously circulating serotypes were susceptible to infection (16) . Others have observed a decades-long decline in the FoI of DENV attributable to improved vector control in Singapore (17) . Finally, a demographic transition, with declining birth and death rates, was identified as a determinant of declining FoI of DENV in Thailand (18, 19) .
Many of the determinants of changes in DENV transmission intensity have also occurred in Managua, Nicaragua. The first reported dengue epidemic in Nicaragua was recorded in 1985, when DENV-1 was introduced after a long absence of dengue from the Americas (21) . DENV-2 arrived in Nicaragua in 1991. DENV-4 may have circulated in the early 1990s and was isolated in 1999 from a likely imported case, but there is little evidence that it currently circulates endemically (22) . DENV-3 was introduced into Nicaragua in 1994-1995 and in 1998 caused the largest dengue epidemic recorded to date in the country (22) (23) (24) . Nicaragua has also experienced a demographic shift in the last 70 y; from 1994 to 2015, crude birth rates decreased from 32 births to 20 births per 1000 inhabitants and life expectancy increased from 67 y to 75 y (25) (26) (27) . Furthermore, the population of Nicaragua grew from 4.1 million in 1990 to 6.1 million by 2015 (25) .
Here we estimated the annual and age-specific FoI of DENV in the Pediatric Dengue Cohort Study (PDCS) in Managua, Nicaragua, from 1994 to 2015 and explored different hypotheses for why the FoI changed over time. We fit statistical models to age-stratified seroprevalence data and found years with very high FoI in the 1990s and an underlying trend of decline over time. Using mathematical models, we found that the introduction of a new DENV serotype can explain the high FoI in the late 1990s, whereas a long-term population demographic transition can explain the decline in the FoI. (22) (23) (24) . Dengue cases were seen throughout the observational period of the PDCS (2004-2015; n = 625). Serotype dominance cycled among DENV-1, DENV-2, and DENV-3, with serotype dominance lasting for 3-4 y (Fig. 1A) . DENV-3 was not isolated in either study until 2007; subsequently, DENV3 proceeded to cause large epidemics in the cohort from 2009 to 2011 (Fig. 1A) . The dynamics of serotypes observed in the PDCS are similar to the dynamics of dengue cases in the Pediatric Dengue Hospital-Based Study (PDHS; n = 1007) (Fig. 1B) .
Results

DENV
DENV Seroprevalence Changed Across Birth Cohorts. We first evaluated the change in seroprevalence in the PDCS for each birth cohort (i.e., group of children born within the same year), which ranged from 1994 to 2013 (Fig. 1C) . Children in cohorts born between 1994 and 1997 reached higher levels of DENV-specific immunity at younger ages than children born in later birth cohorts. The decline in seroprevalence across birth cohorts was relatively gradual, except for the large differences in seroprevalence for those born in or before 1997, those born in 1998, and those born in or after 1999.
The Age at Which Children Became DENV-Seropositive Increased over Time. Age-stratified seroprevalence data from the PDCS revealed a significant increase in the age at which children acquired DENV-specific immunity from 2004 to 2015 ( Fig. 2A and SI Appendix, Fig. S1 and Table S1 ; n = 41,302 seroprevalence measurements). The age at which 50% seroprevalence was observed in 2015 was 2.5 times (95% CI, 2.4-2.7) greater than that observed in 2004 (P < 0.001). In 2004, 50% of children age 4.4 y (95% CI, 4.3-4.6) were seropositive, with higher levels of seropositivity in children age >4 y. The age at which children became seropositive to DENV gradually increased over this time, such that by 2015, only 50% of children age 11.2 y (95% CI, 10.8-11.6) were seropositive, with higher levels of seropositivity in children age >11 y. Consistently, the median age of primary and secondary dengue cases also increased over this period in the PDCS (Fig. 2B) . The age of primary dengue (n = 299) increased by 0.47 y (95% CI, 0.34-0.61 y) per epidemic season (with epidemic season is defined as July 1 to June 30 of the next year), while the age of secondary dengue (n = 326) increased by 0.53 y (95% CI, 0.41-0.64 y) per epidemic season. This trend was also observed for hospitalized dengue in the PDHS (Fig. 2C) , which includes patients from across Managua: primary dengue cases increased in age by 0.47 y per epidemic season (95% CI, 0.31-0.63), n = 464; secondary dengue cases increased in age by 0.25 y per epidemic season (95% CI, 0.15-0.34), n = 543.
There Was a Peak in the FoI of DENV in 1997-1998 and 1998-1999 but an Underlying Gradual Decline in FoI. We used 12 y of age-stratified seroprevalence data from the PDCS to estimate the FoI (total for all DENV serotypes) for each epidemic season from 1994-1995 to 2014-2015 ( Fig. 2D and SI Appendix, Table S2 ). We found substantial variability in the FoI over this period. A very high FoI was observed in the 1997-1998 (480 per 1000; 95% CI, 371-589) and 1998-1999 (555 per 1000; 95% CI, 478-633) epidemic seasons (Fig. 2D) . After 1999, we observed annual fluctuations but an underlying subtle decline in the FoI; after 1999, the maximum FoI occurred in 2010-2011: 88 per 1000 (95% CI, 57-119). As expected, greater FoI values were observed during years in which a larger proportion of the PDCS had symptomatic dengue (Fig. 2D) . We also estimated annual FoI using only 2 y of seroprevalence data per model (Fig. 2E ) and found that years in which seroprevalence data included children born in or before 1997-1999 show strong agreement that a large epidemic occurred between 1997 and 1999. Annual FoI estimates between 2000 and 2015 fluctuated depending on the seroprevalence data used for the model; however, overall, the FoI declined during this period.
The FoI of DENV Differed by Age. We also tested for differences in the annual FoI of DENV by age. We extended the annual FoI model to allow for variation in FoI by age group (SI Appendix, Table S3 ; AIC values and likelihood ratios test values are presented). Because all children born before 1998-1999 were between age 1 and 5 y during the 1997-1999 epidemics, we created models including and excluding their seroprevalence data. The most parsimonious models had five age groups, both when fit to data from all children (AIC = 1004; annual only FoI model, AIC = 1168; SI Appendix, Tables S3 and S4 ) and when fit to data from only children born after 1998-1999 (AIC = 797; annual only FoI model, AIC = 908; SI Appendix, Tables S3 and S4 ). These models showed similar dynamics in annual FoI (Fig. 2F ) and significantly lower FoI for children age <4 y (Fig. 2F, Inset) . These findings suggest that young children experienced a lower FoI of DENV throughout the observational period. Method 2) . These values are within the range of previous R 0 estimates for DENV from seroprevalence studies (14) .
The Change from Epidemic-to-Endemic DENV Transmission and a Demographic Transition Could Explain the Decline in FoI of DENV.
We hypothesized that the introduction of DENV-3 in the mid-1990s resulted in a sharp spike in the FoI, with the majority of the population acquiring long-lived immunity against DENV-3 and temporary cross-protection against DENV-1 and DENV-2. Although DENV-4 is said to have circulated in the 1990s (22), few RT-PCRpositive DENV-4 infections have been observed since 1999, and thus DENV-4 was not explicitly modeled. Thereafter, primarily young individuals born after the DENV-3 epidemic were susceptible to subsequent DENV-3 infections. This transition from epidemic-toendemic transmission may explain the high FoI observed from 1997 to 1999. We expect that, as in Thailand (18, 19) , the gradual reduction in seropositivity in children born after 1999 is the result of a demographic transition (SI Appendix, Fig. S2 ) gradually increasing the age at which children acquired DENV-specific immunity. We simulated three mathematical models to determine whether an epidemic-to-endemic transition, a demographic transition, or both could recover the observed patterns in the FoI estimates for the PDCS (Fig. 3) . The epidemic-to-endemic transition modeled by the introduction of DENV-3 into the DENV-3 naïve population recovered the dramatically high FoI observed in the late 1990s (Fig. 3A) . A trend toward a gradual decline in the FoI was recovered by the demographic transition (Fig. 3B) . Therefore, using these models, the epidemic-to-endemic transition and the demographic transition could recover the spike in FoI, followed by the subsequent gradual decrease in FoI (Fig. 3C) . Fig. 3 D-F shows the corresponding transmission dynamics of infected individuals for these three models. Model dynamics showed that each serotype predominated for 3-5 y. The epidemic-to-endemic transition resulted in a large simulated DENV-3 epidemic (Fig. 3 D  and F) , followed by a short period without any new infections for approximately 3 y (Fig. 3 D and F) . This period was then followed by large DENV-1 and DENV-2 epidemics, and subsequent endemic dynamics of DENV-1, DENV-2, and DENV-3 cocirculation. The decrease in FoI due to declining birth and death rates resulted in fewer infected individuals overall (Fig. 3 E and F) , despite the growing population size underlying this model. Model 1 predicted a period of about 13 y between the introduction of DENV-3 in a DENV-3 naïve population and a subsequent DENV-3 epidemic (Fig. 3D) . Inclusion of the demographic transition (Model 3) predicted a shorter period of approximately 11 y between the new DENV-3 epidemic and the subsequent epidemic (Fig. 3F) , similar to the 10-y period devoid of DENV-3 infections seen in Nicaragua. When we assumed that tertiary infections were transmissible, the overall dynamics of the models were similar. However, in Models 1 and 3, the magnitude of the initial DENV-3 epidemic and the subsequent DENV-2 and DENV-1 epidemics were larger, and the subsequent DENV-3 epidemic occurred earlier (SI Appendix, Fig. S3 ).
Discussion
In this study, we estimated the FoI of DENV using annual seroprevalence data from Managua, Nicaragua. We identified two main qualitative changes in the FoI of DENV from 1994 to 2015: (i) a dramatically high FoI in the late 1990s and (ii) a subsequent gradual decrease in FoI. Using simulated mathematical models, we demonstrated that both an epidemic-toendemic transition and a demographic transition are sufficient to recover the observed dynamics of the FoI of DENV. We also found that younger children experienced a lower FoI of DENV.
Peaks and troughs in estimates of the FoI of DENV were consistent with salient features of the DENV epidemiologic dynamics in the PDCS. The introduction of DENV-3 in the 1990s likely resulted in a high FoI (just over 50% of susceptible individuals were infected in a single year) compared with later years, because a larger fraction of individuals were susceptible to DENV-3. In addition, the second epidemic of DENV-3 in 1998 was larger than when DENV-3 was first introduced into Nicaragua in 1994-1995, consistent with the epidemic dynamics observed when DENV-3 was introduced into Iquitos, Peru (20) . It is likely that DENV-3 later reemerged in Nicaragua when enough births occurred to replenish the population susceptible to DENV-3. Estimated values of the FoI showed a small peak in 2009-2010 and 2010-2011, consistent with the reintroduction of DENV-3, which resulted in a large dengue epidemic. The mathematical model including both the epidemic and endemic transition and the demographic transition was able to recover the approximate10-y period in which DENV-3 was absent from Nicaragua.
Estimates of seropositivity in Managua, Nicaragua for children from 2001 to 2003 showed an extremely high seroprevalence, with 80% of children age ≥5 y positive by DENV inhibition ELISA (iELISA) (28) . The high seroprevalence was originally attributed to the age at which children began school and thus had more mobility and vector exposure. A later modeling study of these data provided further support for this theory, identifying differences in the FoI experienced by younger and older (age >3.9 y) children (14) . In the present study, with additional serologic data from later years, we were able to estimate annual and age-specific FoI over longer periods. While the most dramatic changes in FoI were attributable to the DENV-3 epidemic-to-endemic and demographic transitions, there was still a signal for lower FoI of DENV in young children. Consistent with this observation, when Aedes aegypti-borne chikungunya virus (CHIKV) was introduced to Nicaragua in 2014, seropositivity increased with age in the pediatric population (29) , suggesting greater exposure to the vector at older ages.
Our simulations indicate that the gradual decline in FoI can be explained by a demographic transition. While the population size in Nicaragua has been increasing, the decline in birth rates results in lower numbers of young individuals susceptible to infection, and longer average lifespans result in a larger proportion of the population immune to DENV infection. Decreases in birth rates specifically have been shown to reduce the mean transmission rate (30), thereby decreasing FoI and increasing the mean age of infection. In the past 20 y, an increase in the mean age of dengue has been documented in Southeast Asia (18) , consistent with shifts toward lower birth rates and longer life-expectancy. Model simulations of a demographic transition also predicted a decline in the total number of DENV infections that outweighed the effect of additional cases due to growing population size. This effect was not detectable in incidence data in the PDCS or PDHS. However, both studies are limited to children, and the incidence of dengue may be changing across the entire population. However, a study in Thailand found that while the FoI of DENV decreased over time, the population size increased, and thus the total number of cases remained constant or increased (19) .
The dramatic change in DENV seroprevalence in Managua, Nicaragua over just 12 y highlights the problem with using population-level immunity to guide vaccine implementation to, for instance, lower the incidence of vaccine-associated severe dengue disease, as recommended by the WHO's Strategic Advisory Group of Experts (SAGE) in 2016 for the dengue vaccine Dengvaxia (9). Using the 2016 SAGE criteria, in 2004, Managua would have been deemed an appropriate location for Dengvaxia use. However, seroprevalence declined so rapidly that after 2012, the same population would be overall negatively impacted by Dengvaxia (10, 11) . The change in FoI was driven by epidemiologic and demographic factors present in many dengue-affected areas (16) (17) (18) (19) (20) .
Because vaccination impact is measured in case reduction over 10-30 y, such FOI dynamics can shape the impact and safety of a vaccination program over time (10, 11) . Experts no longer consider it feasible or acceptable to use a population-level cut off for seroprevalence and age in recommending Dengvaxia use, and following the reconvening of SAGE in 2018, Dengvaxia is now recommended for use only when individual-level DENV seropositivity can be tested (12) . Changes in the FoI of DENV still affect vaccination strategies based on individual screening (12) , as the optimal age for screening increases with declining FoI. In countries with declining FoI such as Nicaragua, more adults will continue to develop dengue and possibly severe dengue. Prescreening and vaccination of the fraction of the population that benefits from the dengue vaccines could improve dengue disease outcomes.
This study has several limitations. We had to infer FoI from years when older children were alive, but before enrollment in the cohort, meaning that their seroprevalence data were fit with more free parameters. We did not have complete serotype-specific neutralization data, which others have used to estimate serotypespecific FoI or R 0 (13, 20) . However, serotype-specific neutralization data do not directly provide information on serotypespecific seroprevalence because of extensive cross-reactivity. Thus, even if such data were available, challenges in estimation of serotype-specific FoI would remain. In addition, because the PDCS and PDHS include only children, we could not reliably estimate FoI from age-specific incidence data, as estimation of the FoI from age-specific incidence data requires incidence for all ages. In addition, while a demographic transition and serotype introduction were sufficient to explain observed trends in the FoI of DENV, we cannot prove that they are causal determinants. Other factors that could affect FoI were not included in our simulation models, such as vector control. Because CHIKV (29) and Zika virus (ZIKV) caused enormous epidemics in the PDCS when they were introduced in 2014-2015 and 2016, respectively, we do not believe that vector control fully accounts for the decline in FoI. However, CHIKV and ZIKV were novel invading pathogens and may have had different transmission dynamics. The effect of vector control and other factors could be investigated in future studies.
Our results suggest that changes in both immunity and demographics over time have substantially impacted DENV transmission intensity in Nicaragua, highlighting how multiple processes need to be considered when enacting effective dengue control policies, particularly dengue vaccination programs.
Materials and Methods
Ethics Statement. The protocols for the PDCS and the PDHS were reviewed and approved by the Institutional Review Boards of the University of California Berkeley and the Nicaraguan Ministry of Health. Parents or legal guardians of all subjects provided written informed consent. Subjects age ≥6 y provided assent.
PDCS.
The PDCS is an ongoing prospective cohort study consisting of approximately 3,700 children ages 2-14 in District II of Managua, Nicaragua (31) . All children enrolled live in the catchment area of the Health Center Socrates Flores Vivas (HCSFV), 17 neighborhoods (15,818 households and 79,090 inhabitants in 2017) in Managua (population 1.4 million), the capital of Nicaragua. Initial enrollment of children age 2-9 y occurred in August 2004. After 2006, children were invited to remain in the study through age 14 y. Every year, a new cohort of 2-y-old children is enrolled in the PDCS, along with children of other ages as needed to maintain the balanced age structure of the study. For the study period of 2004-2015, a total of 6,684 children contributed to annual seroprevalence data (median of 6 y), with 2,826-3,835 children (SI Appendix, Table S1 ) contributing to seroprevalence data any given year. For all models, we used the ages of children on July 1 of each year, immediately before the start of the dengue epidemic season (DENV is generally transmited from July to February). Ages were rounded to an integer value to bin them by epidemic seasons experienced (some children age 15 y are shown due to rounding). Age groups with <20 children were excluded when estimating the FoI (SI Appendix, Fig. S1 and Table S1 ).
Age-Stratified Seroprevalence Data. Each year, a healthy blood sample is collected from all participants in the PDCS and tested for DENV-specific antibodies using a DENV Inhibition ELISA (iELISA), as described previously (6, 28, 32) . In brief, serial dilutions of serum or plasma are tested for their ability to block peroxidase-conjugated anti-DENV antibodies from binding a mixture of DENV-1-4 antigens. For each sample, a 50% iELISA titer was estimated relative to a negative control.
Symptomatic Dengue Cases. PDCS children receive their primary health care at the HCSFV. Participants report to the HCSFV at first sign of fever, and the study team collects acute (days 1-5 since symptom onset) and convalescent (days 14-21) blood samples from children with suspected dengue cases according to the WHO case definition (33) and undifferentiated febrile illnesses, along with clinical information on standardized forms (31) . A total of 625 dengue cases were studied.
A separate study, the PDHS, consists of children age 6 mo to 14 y old from across Managua who presented to the National Pediatric Reference Hospital, Hospital Infantil Manuel de Jesús Rivera with suspected dengue (33, 34) . Dengue cases between August 2005 and August 2016 for which an acute and convalescent sample was collected were included in this analysis (n = 1,007).
The samples are processed at the Nicaraguan National Virology Laboratory of the Ministry of Health. Dengue cases are identified by testing acute-phase serum/plasma samples for DENV-1-4 using serotype-specific RT-PCR and virus isolation and analyzing paired acute-and convalescent-phase blood samples for seroconversion in the DENV MAC-ELISA and seroconversion or a fourfold or greater rise in antibodies in the DENV iELISA (31, 33) . In the PDCS, dengue cases were defined as primary in children without previous DENV infection or antibodies during their time in the cohort and secondary in children with previous DENV infection or antibodies. In the PDHS, primary and secondary dengue cases were defined by convalescent iELISA titers of <2,560 and ≥2,560, respectively (33, 34) .
Force of Infection. We estimated the annual FoI using methods similar to those described by Ferguson et al. (13) using seroprevalence data from the PDCS. We extended this model to estimate age-specific FoI by age group. The models are described in SI Appendix.
Summary Statistics of Seroprevalence and Incidence Data. We estimated the age at which 50% seroprevalence was observed each year with a twoparameter logistic model. The relationship between age at primary or secondary dengue and epidemic season in the PDCS and PDHS was estimated with linear regression. Slopes with 95% CIs are shown.
Basic Reproduction Number (R 0 ). We estimated R 0 using FoI estimates based on the seroprevalence data (annual only FoI model). We made the simplifying assumption that R 0 does not differ by serotype and used a similar approach as that described by Ferguson et al. (13) (SI Appendix).
Mathematical Model Simulations. We simulated three mathematical models to test whether a transition from serotype introduction to endemic transmission (Model 1), a demographic transition to lower birth rates, increased life expectancy, and increasing population size (Model 2), or a combination of both hypotheses (Model 3) qualitatively reproduced the temporal patterns of the FoI of DENV observed for the PDCS. These models were based on an existing dengue epidemiologic model (35) that assumes lifelong immunity to reinfection with a homologous DENV serotype and temporary cross-protection between heterologous serotypes. To model the epidemic-to-endemic transition, we first simulated a two-serotype model to endemic equilibrium and then simulated the introduction of a third DENV serotype. Only three serotypes were modeled because the literature and available data suggest that DENV-4 does not circulate endemically in Nicaragua. To model the demographic transition, we simulated a three-serotype model with decreasing birth and death rates and increasing population size. Estimates of age-specific population sizes for Nicaragua were acquired from the United Nations website (25) (SI Appendix, Fig. S2 ). Birth rates (27) and life expectancy (26) were obtained from the World Bank website. To model both hypotheses simultaneously, we simulated a two-serotype model to endemic equilibrium and then simulated the introduction of a third serotype and simultaneously decreased in birth and death rates. Model equations and further details are provided in SI Appendix.
